The present study describes new procedures to obtain at millimeter resolution the spatial distribution of nitrite and nitrate in porewaters, combining diffusive equilibrium in thin films (DET), colorimetry and hyperspectral imagery. Nitrite distribution can be easily achieved by adapting the well-known colorimetric method from Griess (1879) and using a common flatbed scanner with a limit of detection about 1.7 µmol L-1. Nitrate distribution can be obtained after reduction into nitrite by a vanadium chloride reagent. However, the concentration of vanadium chloride used in this protocol brings coloration with a wide spectral signature that creates interference only deconvolvable by imaging treatment from an entire visible spectrum for each pixel (spectral analysis). This can be achieved by hyperspectral imaging. The protocol retained in the present study allows obtaining a nitrite/nitrate image with micromolar limit of detection. The methods were applied in sediments from the Loire Estuary after different treatments and allowed to precisely describe two-dimensional millimeter features. The present technique adds to the combination of gel-colorimetry and hyperspectral imagery a very promising new application of wide interest for environmental issues in the context of early diagenesis and benthic fluxes.
Introduction 22
Combination of diffusive equilibrium in thin film gel techniques (DET), 1 and 23 spectrophotometry allows theoretically to reach speciation of nutrients, completing the set of 24 tools existing for porewater chemistry at millimeter and sub-millimeter resolution. However, 25 the main limitation of the combination of colorimetry and gel techniques is the limit of 26 detection (LOD) induced by very small samples (below 100 µL) and subsequent dilution that 27 is required to get sufficient volume for analytical purposes.
2-4 Only miniaturization and 28 sensibility increase of analytical devices permit to overcome this limitation (e.g.: Nanodrop 29 coupled with microplates). This is why most studies combine DET gel sampling with total 30 elementary analyses such as ICP-MS or GF-AAS. 5 Few studies have combined DET 31 sampling with ion chromatography to determine sulfate and nitrate concentrations. [6] [7] [8] In these 32 works, the gel of the DET probe was cut into strips corresponding to a resolution of 2 to 20 33 mm. This generated at lot of samples to process and represents a time-consuming method, to 34 finally obtain a 1D profile with a rather low resolution. Another alternative to remove such 35 limitation was to generate an image of the distribution of dissolved compounds within the gel 36 by direct contact of the DET gel with a reagent, either contained in another reactive gel 9,10 or 37 in a solution.
11 Although simple and fast this approach has an important limitation in the case 38 of slow color development: (1) a rapid and uncontrolled back-diffusion of chemicals into the 39 reagent gel or solution, before coloring reaction, combined with lateral diffusion within the 40 probe gel, that forbids any modeling for recalculation of 2D features using kinetics-transport 41 modeling.
9,10 Such limitation is less important for fast-kinetic reactions such as for iron and 42 alkalinity, which develop coloration in a short time (<1 min.); (2) a need for a rapid 43 processing that generates important handling, forbids postponing analysis and limits the 44 number of probes to be processed. Recent studies 12, 13 showed the possibility to freeze gel 45 probes allowing further analysis and almost no limit to the number of probe deployment. 46
However, the major input of these studies was the use of a hyperspectral camera allowing a 47 5 better sensitivity and a higher spectral resolution (few nanometers instead of few hundred 48 from a RGB image). A spectrum for each pixel allows different post acquisition treatments 49 allowing separation of different contributors to the image at a pixel scale. Cesbron et al. 12 
50
proposed a method to simultaneously analyze dissolved iron and reactive phosphorous. This 51 is an excellent alternative to probes built with different layers of gel, 11 each one being 52 dedicated to one chemistry that need handling skills and do not guarantee a perfect match of 53 the different images (i.e.: distortion of the gel, gap between images). 54
As mentioned above, nitrate profiles obtained with gel techniques are limited by LOD of ion 55 chromatography and elution of gel into a solution that significantly dilutes chemicals. For this 56 reason, nitrite is rarely detected and only nitrate quantification can be done. The development 57 of a nitrate probe as a microelectrode by a Danish group in early 2000, 14,15 brought an 58 alternative to perform high-resolution profiling within the sediment at high-resolution (ca.; 59 100 µm). Despite an attempt of commercialization by Unisense, only researchers from the 60 original group were able to perform such profiles. Achieving high-resolution profiles of nitrite 61 and nitrate resolution, as shown by several authors, is of major importance to quantify benthic 62 diffusive fluxes and to investigate new reactional pathways for nitrogen transformations 63 within the sediment that is affected by bioturbation. However, at the scale of a 64 microenvironment (burrow wall, root apex, etc…), only multi-species high-resolution profiles 65 and/or 2D distribution can achieve correlations between chemical species despite high spatial 66 heterogeneity. The recent publication of a method of nitrate reduction using a solution of 67 vanadium chloride 16,17 allow us to examine the possibility to propose a colorimetric protocol 68 for simultaneous nitrite and nitrate determination combining gel sampling, colorimetry and a 69 2 dimensional image acquisition. Firstly, the present study aims to transpose the famous 70
Griess reaction
18 to gel technique in order to obtain a nitrite image of porewater in a 71 sedimentary setting at a sub-millimeter resolution. Secondly, we examine the possibility to 72 6 revisit the procedure using vanadium chloride as a nitrate reducer in order to achieve a 73 nitrite/nitrate 2D probe that could successfully be deployed within the sediment. 74
Experimental section 75

Principle of the method 76
A polyacrylamide gel probe is prepared (polymerized, rinsed and degassed) and deployed 77 within the sediment until diffusional equilibrium with porewater solutes (including NO 2 -and 78
A first reagent gel is prepared, containing the Griess 18,19 reagent: the coloring reagent gel, 80 allowing specifically the nitrite determination. A second reagent gel is prepared using 81 vanadium chloride: the reducing reagent gel that reduces nitrate into nitrite, allowing nitrate 82 determination. The probe gel is laid down onto the first coloring reagent gel in order to obtain 83 an image of nitrite distribution as variations of pink coloration over the gel assemblage. 84
An imagery device allows the digitalization of the colored image (flatbed scanner for nitrite 85 imagery alone, or hyperspectral camera for both nitrite and nitrate determinations). 86
In order to obtain the nitrate distribution over the gel, the reducing reagent gel is added to the 87 two-layer assemblage after the first digitalization for nitrite. A second digitalization is 88 operated on the three-layer assemblage and the subtraction of signals between both images is 89 performed for each pixel in order to obtain the nitrate contribution over the gel probe. 90
Sampling gel preparation and deployment 91
The probe is a polyacrylamide hydrogel mounted on a polycarbonate plate (250 mm 92 high, 150 mm wide and 3 mm thick). The plate has a central depression of 1 mm depth (180 × 93 97 mm, length × width) that holds the hydrogel keeping the probe tight. 12 The gel is 94 maintained and protected from sediment by a PVDF hydrophilic membrane (0.2 µm, 95 Durapore®) taped on the plate using a PVC adhesive tape (supporting information SI-1 
Standard gel preparation 116
The standard gel is prepared by diffusion of standard solutions into a 1-mm thick gel similar 117 to the probe gel:
12 the gel is placed onto a Plexiglas® plate and covered by a second 118
Plexiglas® plate with 7 circular wells (2.1 cm i.d.) drilled into it. Each well is equipped with a 119 cylindrical tube representing a 5 mL vial when put onto the gel (the base of each cylinder 120 8 overhangs slightly from the Plexiglas® plate in order to be pressed onto the gel). The 121
Plexiglas® plates are tightened together with 8 small clamps, ensuring sufficient pressure on 122 the gel to avoid leakage of standard solutions. A volume of 3.5 mL of each standard solution 123 was poured into a well and incubated during 1 h in order to ensure diffusive equilibration. 124
Nitrate and nitrite standard solutions were prepared from NaNO 3 and NaNO 2 salts 125 respectively (Fluka). 126
Gel assemblage mounting and colorimetric reaction 127
After equilibration, the coloring reagent gel is removed from the bag and quickly drained 128 before being laid down onto a white plate. Residual drops are gently wiped and the probe gel 129 is laid onto it. The whole assemblage is covered by a cellulose acetate film that protects 130 against evaporation, then scanned after 15 min, the necessary time for the NEDD to react with 131 nitrite and form the so-called pink Azo dye revealing the 2D nitrite distribution. 132
To reduce nitrate, the cellulose acetate film is carefully removed from the double layer gel 133 assemblage (i.e., probe + nitrite reagent gels) and a nitrate reducing gel is laid on top of it. 134
The three-layer gel assemblage is then covered by a clean cellulose acetate film and incubated 135 for 20 min in a 50°C oven under water-saturated atmosphere. This heating step is crucial for 136 accelerating the kinetics of nitrate reduction. At that point, the produced nitrite has reacted 137 with the Griess reagent and the three-layer gel can be scanned at its turn. The calibration gel is 138 processed like the in situ gel probe. 139
Two calibration gels (one from nitrate solutions and one from nitrite solutions) are necessary 140 for estimating the efficiency of nitrate reduction. In order to save time and guarantee 141 comparable conditions, both nitrite and nitrate calibration gels (two strips) are laid side-by-142 side onto the same reagent gels to be processed together. We also recommend preparing a 143 solution with both nitrate and nitrite for quality control. Solutions ranged between 1.5 and 40 144 µmol L -1 in either NO 2 -or NO 3 -. Linear range of the color intensity towards concentration can 145 9 be extended using thinner probe or standard gels (e.g., 0.5 instead of 1.0 mm). Hence, thinner 146 gels reduce the optical path, resulting in weaker color intensities. As a consequence, the 147 saturation concentration increases but LOD increases as well. 148
2D imagery methods 149
Nitrite imagery from commercial flatbed scanner 150
To obtain only nitrite distribution, a commercial flatbed scanner (Canon Canoscan LiDE 151 600F) was used. From scanned images, intensity of colored zones of the 2D probe was 152 processed by ImageJ ® software. Images were decomposed into primary color intensities (red, 153 green and blue (RGB), at about 100 nm wavelength resolution), each being converted to a 154 gray-scale image 9 . The green color intensity was found to give the most sensitive response, 155 since the nitrite-reagent compound (Azo dye) is pink. 156
Hyperspectral data acquisition and treatment for nitrite/nitrate mapping 157
This procedure does not require any specific equipment but does not allow simultaneous 158 quantification of nitrite and nitrate because of the dark green coloration of the reducing 159 reagent and its spectral signature prevents the pink Azo dye to be read. When simultaneous 160 nitrate and nitrite distributions are sought, both nitrite and nitrite+nitrate images have to be 161 obtained with a hyperspectral camera (here, a HySpex VNIR 1600) that has a sufficient 162 wavelength resolution to separate signals coming from different layers of colored gel. The 163 camera has 160 channels, covering the spectral range from 400 nm to 900 nm, with a spectral 164 resolution of 4.5 nm and a sampling interval of 3.7 nm allowing the analysis of a continuing 165 spectrum. The acquisition time was 2 minutes. The flat assembly gel probe + reactive 166 complex + transparent film was laid down on a Spectralon® plate and then scanned in front of 167 the camera and under controlled halogen light source. The camera was set up in the laboratory 168 10 to scan samples with square pixels providing a spatial resolution of about 190×190 µm per 169 pixel (camera about 1m above samples). 170
According to Cesbron et al., 12 reflectance spectra results of an intimate mixing of colored 171 reagents within a transparent gel. Therefore it is possible to decompose each pixel into 172 different end-members according to their spectra. The decomposition of each pixel is 173 calculated as a linear combination of the logarithm of the different end-member spectra using 174 ENVI® software (unmixing function). In the present study, 3 end-member spectra are 175 considered: (1) the spectral background which corresponds to a Spectralon® plate + the two-176 or three-layer 2D gel (for respectively the first and the second scan); (2) a spectral nitrite end-177 member from the highest nitrite concentration of the calibration gel and (3) the spectrum 178 corresponding to the vanadium(III) green coloration obtained from a nitrite-free part of the 179 calibration gel. This unmixing procedure is applied to the calibration gel for signal linearity 180 checking as concentration increases and to the probe gel for NO 2 -and VCl 3 signals separation. 181
Validation of the method 182
Validation of nitrite/nitrate separation 183
To ensure a complete separation of signal from nitrite and from nitrate, calibration standards 184 were performed with two composite standards containing both species. The double standard 185 gel (made of two strips, one for each chemical species) is laid onto the Griess reagent gel. At 186 the first stage of the treatment, only the set of circles corresponding to the nitrite standard gel 187 is supposed to turn pink. Obviously, the nitrite + nitrate composite circle would become as 188 pink as its corresponding nitrite concentration enables it. 189
Once the assemblage is scanned by the hyperspectral camera, the VCl 3 reducing reagent gel is 190 added and the new assemblage goes into the oven as described above (section 2.5). 16 it is known that 20 min at 50°C is too short to achieve a 198 complete reduction but a longer incubation time will affect the distribution of nitrate because The sediment was sieved with a mesh of 1 mm in order to remove macrofauna. After 230 homogenization, sediment was covered with estuarine water and left for equilibration for 12 231 days in the laboratory. Overlying water was constantly aerated and the system kept in the dark 232 at room temperature until gel probes deployment. The day before deployment, a burrow was 233 created using a 50 mL Falcon® tube and gently removed to keep the artificial burrow, and the 234 probe was inserted in the axis of this artificial structure. Before retrieval of the probe, the 235 surface water was sampled (about 5 cm above the sediment water interface, SWI) and nitrite 236 was analyzed using the classical colorimetric technique with a spectrophotometer. The first test of a protocol for colorimetric nitrite determination using gels consisted in simply 246 starting from the well-known protocol of Griess 
24
, adapting 248 reagent proportions to gels. The superimposition of one coloring reagent gel with a thickness 249 of ca. 0.5 mm to a probe gel with a thickness of 1 mm corresponds in a dilution with a ratio of 250 1/1.5 for nitrite from the sample gel and 1/3 for the chemicals from the reagent gel. The gels 251 were prepared as described section 2. The first goal of this paper was to transpose the classical nitrite colorimetric determination to 294 a 2D gel in order to describe nitrite distribution at high resolution affected by any sedimentary 295 structure. The results shown here indicate that this goal was achieved. 296
Simultaneous nitrite and nitrate 2D analysis 297
Optimization of nitrate reduction kinetics 298
The recent publications 16, 17 considering the use of a vanadium chloride solution instead of the 299 widely used granular copperized cadmium column for nitrate reduction to nitrite 27 brought 300 new perspectives for the applicability of a colorimetric technique for nitrate in gels. , 33 or producing again ammonium by dissimilatory nitrate 394 reduction to ammonium (DNRA). This is of major importance considering the fact that 395 nutrient availability controls benthic primary production and that microphytobenthic mats 396 play an important role on the food web and on stabilization of the sedimentary substratum. 34 
397
Important nitrate production would also imply reduction of oxidizers such as manganese and 398 iron oxy(hydroxi)des and therefore enhancement of metal remobilization and recycling. 33, 35, 36 399 Therefore, we offer here the possibility to examine in 2 dimensions, the spatial nitrite and 400 nitrate variability at a sufficient resolution that allows to describe chemical gradients 401 generated by a mm-sized dead organism, a root apex, along a burrow wall. Further, these 402 processes could be quantified with appropriate modeling.
37,38 Indeed, a double layer gel can 403 be performed to sample at the same location both nitrite/nitrate and iron/phosphate couples. 404
The image of nitrate distribution shows microenvironments at subsurface, between the oxic 405 zone and the iron remobilization zone, and more surprisingly 13 cm below the interface 406 suggesting that noisy profiles in the literature, that are often obtained from core slicing could 407 not be artifacts but could be a result of the sampling of a microenvironment similar to the one 408 shown here that peaks at about 30 µmol L 
